ABSTRACT
One of the major challenges that follow the sequencing of genomes is to unravel the gene expression regulatory networks that operate in different types of cells. The transcription of a gene typically requires and is regulated by a number of cellular factors, that recognize and bind to short sequence motifs, in many cases located upstream of the gene coding sequence, in the so-called promoter and enhancer regions. Genes expressed in the same tissue or under similar conditions often share common regulatory motifs (Wasserman and Fickett, 1998) , therefore the motifs found in a gene can be understood as a 'footprint' of its transcriptional regulatory mechanisms and to some extent gene function. The in silico prediction of potential regulatory sites is therefore a valuable tool to characterize new genes and to limit the amount of protein-DNA interactions to be tested experimentally.
Many binding sites for transcription factors have been experimentally identified and this information can be used to perform computational-based searches. A number of public databases store information on individual transcription factors and their binding sites, such as * To whom correspondence should be addressed.
TRANSFAC (Wingender et al., 2001) or RegulonDB (Salgado et al., 2001) . Due to the intrinsic sequence variability of the motifs recognized by particular regulatory proteins appropriate representations of the sites are IUPAC consensi or positional weight matrices (Bucher, 1990) . The latter store the frequency of the different nucleotides in the different positions of the motif and are generally considered superior as they are more specific and allow rating of the matches (Frech et al., 1997) . The TRANSFAC database (Wingender et al., 2001) contains the largest available collection of eukaryotic factorspecific weight matrices, which can be used to search for potential matches in a DNA sequence of interest, for example by the MatInspector program (Quandt et al., 1995) .
The TRANSFAC collection of matrices is subdivided into very broad taxonomic groups (vertebrates, fungi, plants, insects and miscellaneous). The lack of flexibility in the taxonomy levels that can be considered may lead to problems in the interpretation of the results, specially when the binding sites have only been identified in a species which is distantly related to the one under study. In addition, searching with large collections of matrices may result in an increment in the number of false positives in the predictions, a general problem when attempting to identify short and variable sequences such as transcription factor binding sites. Bearing in mind these caveats we have developed a new approach to perform searches with weight matrices, which allows the user to tailor the searches to the species or group of species of interest. By selecting a particular species instead of a general group of organisms more specificity in the searches can be achieved. If few sites are known for the species under study selecting matrices from related species may still provide valuable information. Comparing different species settings may be useful to analyze the cross-species conservation of particular known binding sites. Additional novel features of PROMO are the generation of the factorspecific matrices on the fly and the incorporation, as part of the output, of information on other genes which are known to be regulated by the subset of transcription factors that appear in the prediction.
PROMO has been written in C ++ and includes different modules, all available through a web server. The complete collection of TRANSFAC site, factor and gene entry files is used as a source of sequences and information. The species, or group of species, of interest is selected by the user. After the species selection weight matrices are automatically derived from at least three different binding sites per transcription factor, by anchoring the alignment of the relevant sequences on the completely conserved positions or 'core' of the binding site. An automata is then constructed which contains all the different possible subsequences that score above a given similarity threshold to any of the matrices. The similarity of a sequence to a matrix is calculated according to Quandt et al. (1995) and the default similarity threshold used by the program is 85% (or dissimilarity 15%). Exact matches of the query sequence to the automata represent putative transcription factor binding sites in the sequence. The two steps that the user is required to perform are: (1) 'SelectSpecies', select the species or taxonomic group of interest by using a taxonomic tree derived from the organism annotations in TRANSFAC site and factor entries and; (2) 'SearchSite', input a query sequence to search for matches to the matrices in any of the two strands. Other available options are 'ViewMatrices' and 'MatrixSpecificity'. The first one allows the visualization of the matrices that have been constructed including information on genes known to contain sites represented in the matrices. The second option is a Java applet for the comparison of the specificity of matrices corresponding to pre-defined taxonomic groups (see below for a definition of specificity). After steps 1 and 2 the program typically takes a few seconds to run and the results are presented online (example in supplementary material, Figure 1) . The output includes the following: matches of the sequence to the factor-specific matrices in the corresponding sequence location, including the name of the factor that binds to the motif and dissimilarity percentage; expectation values of finding the different matches by chance alone, using a model with equiprobability of the four nucleotides, or a model with nucleotide frequency as in the query sequence and; information on the location of the predicted regulatory sites, either individually or combined, in other genes. The latter feature includes a graphical representation of the different sites in the regulatory regions of the genes, following the annotations in the TRANSFAC gene entries. The information on other genes may be very useful as the observation of functional relatedness with the gene of interest may highlight particularly interesting hits.
When no species restriction is applied the number of matrices that PROMO generates is 452, derived from 4308 different sites. A variable number of matrices are created for different organism groups, for example 268 for animals, 26 for fungi, 19 for plants, 245 for vertebrates and 55 for humans. A simple way to measure and compare the specificity of different matrices is by defining the specificity for each position in the sequence as the distance between a vector representing the probability of each nucleotide and a vector where all nucleotides are equiprobable and the specificity of a matrix as a whole as the normalized average distance for all columns. Decreasing the taxonomic level under consideration leads to the expected increase in specificity when comparing matrices for the same transcription factor (same TRANSFAC entry), which will lead to a less noisy output. For example when we compare equivalent matrices from humans and vertebrates (55 different matrices), the human matrices are more specific (p < 10 −2 ), the average specificity being 0.8 in contrast to 0.7 for the vertebrate matrices. Future developments we envisage are the explicit modelling of combinations of factor binding sites and the use of additional regulatory site databases.
